Studying the trade-offs and synergies between ecosystem services upstream and downstream of dams is of great importance because such studies can help guide the coordinated development of ecosystems. Taking the Danjiangkou dam as an example, we studied the trade-offs and synergies of ecosystem services in the river basin upstream and downstream of the dam. First, based on Costanza's research method, we used the equivalent factor method to revise the equivalent factor of the Hanjiang River Basin. This basin includes the Danjiangkou dam, which provides services for agriculture. On that basis, the spatio-temporal dynamics of ecosystem service values during the period of 1990-2015 for the whole basin were estimated. The relationships among ecosystem services upstream and downstream of the Danjiangkou dam and throughout the basin were then analyzed using correlation analysis. The results demonstrate that the value of ecosystem services for the entire basin steadily increased during the period of 1990-2015. Among all ecosystem services, climate regulation and hydrologic regulation presented the highest ecosystem service values. Clear differences in spatial patterns existed in the two analysis areas. The ecosystem service values upstream of the dam were higher than those downstream of the dam. Approximately 60% of the relationships among the ecosystem services in the whole basin were synergistic, which was the dominant relationship. Synergies were more common upstream of the dam than downstream, and these synergies existed primarily between regulation services and composite services and between regulation services and cultural services. Trade-offs were more common downstream of the dam and existed mainly between supply and regulation services. Upstream food production was involved in significant trade-offs with biodiversity below the dam. Raw material production, gas regulation, climate regulation, soil conservation, and biodiversity above the dam showed significant synergies with gas regulation and climate regulation downstream.
Introduction
Ecosystem services are benefits obtained directly or indirectly from ecosystems (Wilson and Matthews 1970; Daily 1997a; Costanza et al. 1997) and are closely linked to human wellbeing. With the increase in population and overexploitation of resources, services have been severely damaged (Daily 1997b) . People have gradually realized that human activities and government policies are changing the land use pattern and the spatial distribution of resources. These changes have changed the capabilities of ecosystem services through the influence of the ecosystem patterns and processes (Maes et al. 2012) . As the core focus of ecosystem assessment, relationships between ecosystem services have recently gained increasing attention in the scientific community (Sandifer et al. 2015; Brown and Fagerholm 2015) . The United Nations conducted the first comprehensive assessment of global ecosystem services. In 2005, the Millennium Ecosystem Assessment (MA, http://www. millenniumassessment) was completed. Many different actors have advocated for consideration of ecosystem services in different areas (Sutherland et al. 2006; Langner et al. 2017) .
There has been an increased interest in translating the provision of basin-scale ecosystem services to a wider variety of benefits. With the MA work completed in 2005 (MA 2005) , the study of basin-scale ecosystem services has focused on the influence of ecosystem services on human well-being (Villasante et al. 2015; Li et al. 2011a, b; Gao et al. 2016) . The fields to which ecosystem services have been applied have expanded gradually and now include resource and environmental management and regional planning (Schmalz et al. 2016) .
With the increase in population and over-urbanization (Worm et al. 2006) , the demands for ecosystem services by human activity far outstrip the available ecosystem services, which are the capacity of ecosystems to sequester pollutants and provide required natural goods (Guan et al. 2016b; Kai and Fan 2017) . However, the demands for ecosystem services are not decreasing. Thus, to meet the growing demands, natural resources are being overly exploited and utilized by humans, and the capacities of basin ecosystems have been exceeded, resulting in a focus on ecosystem service needs at the expense of other services. Trade-offs among ecosystem services made it difficult to achieve maximum benefits simultaneously (Heina et al. 2006) . For example, people want to obtain higher grain yields, and agricultural lands are constantly expanding, which results in losses of habitats and biodiversity (Alcamo et al. 2005) . With the establishment of a dam, a large amount of water is blocked in the upstream section, which reduces the capacity of replenishing wetlands in the downstream section. If the wetlands cannot be suitably replenished, the ecosystem services of hydrological adjustment are weakened. The vegetation around the river decreases, and the related ecosystem services, such as gas regulation and climate regulation, also decrease. Additionally, spatial differences among ecosystem structures and processes control the spatial heterogeneity of ecosystem services (Kremen 2008) . Demands for the types and quantities of ecosystem services differ, and therefore, the corresponding ecosystem service management strategies differ; this relationship makes it difficult to maximize the benefits of ecosystem services and achieve the coordinated development of ecosystem services in different regions of a basin (Raudsepphearne et al. 2010) . For example, upstream and downstream demands for irrigation, aquaculture production, and water purification differ (Schlüter et al. 2009 ). The diversion of water from a river to a town for domestic water or for irrigation water to an agricultural area will leave people living downstream without sufficient water to meet their needs. The use of water upstream imposes an externality on those living lower in the basin. Therefore, it is necessary to study the relationships among ecosystem services to achieve the coordinated development of the different ecosystem services in different regions, to achieve the maximum benefits for stakeholders and optimize the management of ecosystem services (Daily et al. 2009 ), and to reach win-win goals for regional development and ecological protection (Cao et al. 2016; .
Trade-offs occur when one ecosystem service is reduced as a consequence of increased use of another ecosystem service. Synergism means that one ecosystem service is enhanced or reduced simultaneously with another ecosystem service (Raudsepphearne et al. 2010; Agarwala et al. 2014) . The interactions among ecosystem services can be influenced by the demands of stakeholders at different scales (temporal and spatial) . Almost all decision-making about ecosystem services involves the balancing of interests (Rodríguez et al. 2006) . Tradeoffs and synergies therefore exist in ecosystems worldwide, with significant regional differences and dynamic changes.
At present, evaluations of ecosystem services can be roughly divided into two types: the method of ecosystem service value based on a unit function price (hereafter referred to as the functional value method) and the method of ecosystem service value based on a unit area (hereafter referred to as the equivalent factor method). Compared with the functional value method, the equivalent factor method is more intuitive and easily applied and poses fewer data demands. Costanza used the latter method to evaluate ecosystem service values worldwide in 1997. The method was then widely used to evaluate ecosystem services at global and regional scales. Therefore, in this study, we evaluated the value of ecosystem services in the Hanjiang River Basin using the equivalent factor method. Currently, studies are focused on the identification of trade-offs and synergies in ecosystem services (MA 2005; Cord et al. 2017) . Most of these studies have been qualitative analyses (Sun and Li 2017) . The research methods have consisted mainly of geography and ecological theory, as represented by the integrated ecological-economic modeling framework (Byron et al. 2015) . The model is a combination of several ecological models and socio-economic evaluation models. Ecological models are used to describe changes in ecosystem services, and socio-economic evaluation models reflect the impacts of ecological changes on human well-being (Higgins et al. 1997; Chisholm 2010; Hussain and Tschirhart 2013; Posnera et al. 2016) . In general, the latter model is sufficiently mature and widely used. However, this method is often used to analyze the trade-offs between market-oriented ecosystem services and has a clear disadvantage when applied to trade-offs between ecosystem services consisting of public goods because it is hard to calculate these ecosystem services by this method. In addition, the method requires a large amount of research data and is usually used on smaller research scales (Farber et al. 2006 ). That method is based on land use data in combination with relevant eco-economic policies to simulate multiple scenarios and to understand the trade-offs and synergies of various scenarios Alcamo et al. 2005; Trodahl et al. 2017) . Because of difficulty in data acquisition and index construction, these two methods are not widely applied. In addition, the number of selected ecosystem services tends to be insufficient, and quantifications and assessments of the dynamic relationships between the overall benefits of ecosystem services and a single ecosystem service are rare. The interactions between ecosystem services are mainly one-way or bidirectional, and there have been few multidirectional competition analyses (Li et al. 2012) . In studies of typical areas, most current research is aimed at the relationships between ecosystem services provided by a particular basin or ecosystem (Liu et al. 2017; Kharrazi et al. 2016; Hurford and Harou 2014) . However, these studies ignore the differences between trade-offs in the upstream and downstream parts of a basin in terms of spatial inconsistencies in the supply and demand of ecosystem services among various stakeholders (Bohensky et al. 2006) .
Dam construction is a conscious human practice that changes the ecosystem services of basins, and dams are among the most influential features in basins affected by government policy. By the end of the twentieth century, 45,000 dams had been built throughout the world (WCD 2000) . On the one hand, dams, which are an important aspect of human civilization, play an important role in socio-economic development, particularly flood control and irrigation . On the other hand, dams have a profound impact on ecosystem structures, functions, and services in basins via regulation of basin water resources, which in turn affects basin water resources, soil, climate, and biodiversity (Zhao and Zhang 2006) . Therefore, studying the impact of dams on ecosystem services upstream and downstream of dams will aid in the understanding of the environmental effects generated by large-scale water conservation projects and thus provide a scientific basis for protecting the integrity of the structures and functions of basins and for the sustainable development of engineering projects and regional development. At present, related research on dams has concentrated mainly on rivers and nearby areas (Bonacci and Bonacci 2003) . Only Ziv Guy has undertaken a comparative analysis of the trade-offs among ecosystem services before and after the construction of dams in the Mekong River Basin (Ziv Guy et al. 2012) .
In the 1970s, to alleviate the shortage of water resources in the north, the Chinese government decided to implement the Middle Route of the South to North Water Transfer Project and chose the Danjiangkou area as the water source for this project. Construction work of the Danjiangkou dam began in 1973. It is located at the confluence of the Hanjiang River and its tributary, the Danjiang River, in China. It is a large-scale water control project that serves mainly for water diversion and flood control, and the project involves a comprehensive combination of power generation, irrigation, shipping, and aquaculture. It is not only the key project for harnessing the Hanjiang Rivers but is also an important part of the middle line project of the Middle Route of the South to North Water Transfer Project in China (Zhou et al. 2015) . After a half century of construction, the Middle Route project was completed in December 2014. The area upstream of the Danjingkou dam is the source of water for the Middle Route project, and the area downstream of the dam is affected by the Middle Route project. It is important to analyze the trade-offs and synergies among ecosystem services upstream and downstream of the dam to analyze the effects of the Middle Route Project on the ecological environment in the Hanjiang River Basin, to determine the ecological and economic impacts of the dam, such as on food production and water supply, throughout the basin and to develop scientific recommendations for water diversions. At present, studies of ecosystem services upstream and downstream of the Danjiangkou dam have focused on the evaluation of services such as soil and water conservation in farmlands, forests, and wetlands Chen et al. 2016 ) and on simulations of ecosystem service changes based on land use data (Li et al. 2011a, b; Chen et al. 2015) . In terms of trade-offs and synergies among ecosystem services, few studies have been conducted in which areas upstream and downstream of the Danjiangkou dam were compared.
Therefore, in this study, we used an approach similar to that used by Costanza to obtain ecosystem service value during 1990-2015 both upstream and downstream of the Danjiangkou dam in order to analyze the dynamic changes and differences in ecosystem services from the perspectives of time and space. On that basis, ecosystem service values were further revised taking into account the spatial characteristics of the whole basin. The trade-offs and synergies among ecosystem services were analyzed via correlation analysis from three aspects: the whole basin, the areas upstream and downstream of the dam taken separately, and the combination of the areas upstream and the downstream of the dam. Ten ecosystem services were selected for this study. The trade-offs and synergies among these ecosystem services in the whole basin were comprehensively analyzed. The relationships among the overall benefit from all the ecosystem services and the benefits of the individual ecosystem services were analyzed. The role of a single ecosystem service in the overall benefit became clear, and the dominant ecosystem services in the basin were thus easier to identify. In addition, this study contributes to providing direction and support for the sustainable growth of ecosystem services throughout the basin. This paper presented a comprehensive analysis of the trade-offs and synergies among ecosystem services from three aspects, considering that demands for the types and quantities of ecosystem services differ among various stakeholders. Based on the analysis of the trade-offs and synergies in the areas upstream and downstream of the dam, the research clearly shows that the spatial differences and contact interactions between these two areas are useful for analyzing the influence of the dam on the ecosystem services upstream and downstream and provide a reference for the coordinated development of the areas upstream and downstream of the dam.
Data and methods

Data
The Hanjiang River is located in central China. It is the longest tributary of the Yangtze River and has a total watercourse length of 1577 km and a drainage area of 15,900,000 ha. The Hanjiang River Basin is surrounded by mountains on three sides, and the Jianghan Plain is located in the southeast part of the basin. The Hanjiang River flows through the provinces of Shanxi, Hubei, and Henan in China, which are located in a subtropical monsoon climate zone. Based on the local conditions and the impact of the Danjiangkou dam on the basin, the area upstream of the Danjiangkou dam was designated the upper part of the river basin and measures 9,520,000 ha in area. The area downstream of the Danjiangkou dam was designated the lower part of the river basin and measures 6,380,000 ha. The average annual precipitation in the upper part of the river basin is 923 mm, which has significant transitional climate characteristics. There are many rivers in the upper part of the river basin. The vegetation is mainly subtropical evergreen broad-leaved forest. Due to the large latitude and longitude gradient and the difference in altitude, the spatial heterogeneity of environmental factors in the water source area is complex, and the biodiversity is extremely rich. The production activities are mainly based on agriculture, and the level of economic development is generally low. The land use type is mainly forestland and grassland. The average annual precipitation the lower part of the river basin is 853 mm, and the terrain is in the southeast and northwest. The altitude gradually decreases from west to east, and the vegetation types are mainly subtropical evergreen broadleaved forests. The population in the basin is about 3 million. Compared with the upper part of the river basin, the level of economic development is relatively high, and the land use type is mainly agricultural land and forestland (Fig. 1) .
The main data used in this study include six periods of land use data that were provided by the National Earth System Science Data Sharing Infrastructure (http://www.geodata.cn). The sown area and the incomes and expenditures per unit area for rice, wheat, and corn were obtained from the Statistical Yearbook of China. The yields per unit area of farmland in Shanxi, Hubei, and Henan Provinces were obtained from the Statistical Yearbooks of the corresponding provinces.
Methods
Methods for quantifying ecosystem services
We calculated the equivalent factor of one standard unit first, and ecosystem service equivalent values per unit area for different land use types in 2010 were calculated with reference to the ecosystem service equivalent value per unit area in China proposed by Xie (Xie et al. 2008 (Xie et al. , 2015a ). The equivalent factor was then further revised for different periods and provinces based on grain yields from the Statistical Yearbook of China. Finally, the ecosystem service value in the Hanjiang River Basin was calculated using an ecosystem service value estimation model.
Classification of ecosystem services
This classification of ecosystem services in this study is based on that of the MA. Four types of ecosystem services are selected: supply services, regulation services, composite services, and cultural services. The reasons are as follows, supply services can provide direct commodities for human beings through primary production and secondary production or parts that may form commodities in the future, such as food, industrial raw materials, medicines, and other products necessary for human beings. Among the supply services, besides food production and raw material production, the current situation of the poor water resources in China has made water supply very important, so it is included in the classification separately. Regulation service is the function of supporting and maintaining human living environment and life support system, such as climate regulation and gas regulation. Composite services are indispensable for the production of other ecosystem services; in this part, we choose soil conservation and biodiversity. Cultural services can provide entertainment and aesthetic enjoyment for human beings. Table 1 shows the classification of ecosystem services and the definition/use of each service based on the MA and the research results of Xie (Xie et al. 2015a, b) .
Estimation of ecosystem service value standard equivalent factors The ecosystem service value standard equivalent factor (hereinafter referred to as the equivalent factor) is the economic value of a natural grain yield per year . On that basis, the value of the equivalent factor of other ecosystem services can be determined by combining expert knowledge, which can serve to characterize and quantify the potential contributions of various ecosystem services. In this study, the net profit from food production of a farmland ecosystem per unit area was used as the ecosystem service value of the standard equivalent factor developed by Xie (Xie et al. 2008) . The formula for calculating this value is
D is the ecosystem service value (yuan/ha) of the standard equivalent factor, S ij is the area (ha) of the ith crop of the jth year in the study area, w ij is the total income per unit area of the ith crop in the jth year, and p ij is the total expenditure of the ith crop in the jth year.
Using Eq. 1, the standard unit equivalent factor for China in 2010 was 48,119 yuan/ha.
Ecosystem service equivalent value per unit area The ecosystem service equivalent value per unit area is the basis for assessing the ecosystem service value of a regional ecosystem. It refers to the average annual equivalent value in different ecosystems per unit area and is the basis of the dynamic equivalent table, which represents the regional spatial differences and temporal changes in an ecosystem service value (Xie et al. 2015a, b) . The ecosystem service value estimation model proposed by Costanza is widely applied in assessments of ecosystem services value in various ecosystems and countries. Refers to the water resources provided by ecosystems and used for residential life, agriculture (irrigation), and industrial processes Regulation service
Gas regulation Ecosystems release chemicals into the atmosphere and also absorb chemicals from the atmosphere, which can have a multifaceted effect on gas Climate regulation
The ecosystem has an impact on both the local climate and the global climate. For example, on the local scale, the change of land use can affect the temperature and precipitation. On the global scale, ecosystems play an important role in the climate through the absorption and emission of greenhouse gases Hydrological adjustment
The timing and size of runoff, floods, and recharge of aquifers are strongly influenced by changes in land cover, especially activities that alter the water storage potential of the system, such as the conversion of wetlands or the conversion of forests to farmland or farmland to city
Environment depuration
Vegetation and organisms in ecosystems to degrade excess nutrients and compounds, retention of dust, decontamination, and other functions
Composite service
Soil conservation Accumulation of organic matter and vegetation root substances and organisms in ecosystems to promote the formation and conservation of soil Biodiversity
The source and evolution of wild plant and animals and habitats
Cultural service Aesthetic landscape
People can find aesthetic value in many aspects of ecosystems, which is already reflected in their love of parks, boulevards, and the choice of housing location However, there are differences between global and Chinese ecosystems. Therefore, our results are biased in some respects toward conditions in China, including lower valuations of agricultural lands and higher valuations of wetlands (Xie et al. 2008 (Xie et al. , 2015a . For that reason, Xie Gaidi and colleagues, of the Institute of Geographic Science and Natural Resources Research CAS, revised the ecosystem service equivalent value per unit area based on a questionnaire survey of 700 professional personnel with ecology backgrounds and according to China's ecological systems and social-economic development (Xie et al. 2008 (Xie et al. , 2015a . Because the classification of the land use data and the ecosystem classification standards of the Xie Gao team are different, it is necessary to reclassify the land use data according to the needs of this study. In addition to the first level classification, there are differences between the second-level classifications, primarily involving forests and grasslands. In this study, forests were divided into woodlands, open forest, other forest, and shrub forest. In the study by Xie, however, forests were divided into coniferous forests, theropencedrymion forests, broad-leaved forests, and shrub forests. Considering that the Hanjiang River Basin is located in a subtropical monsoon climate zone, we merged woodlands, open forest, other forest, and shrub forest in forest lands into a broadleaved forest class, and we subdivided grasslands into high-coverage grasslands, moderate-coverage grasslands, and low-coverage grasslands. In the study by Xie, however, grasslands were divided into prairies, scrub-grasslands, and meadows. However, current research does not specify the equivalent factors of high-coverage grasslands, moderate-coverage grasslands, and low-coverage grasslands. In this study, therefore, these three types of grasslands were merged into the shrub class, considering the later calculation. After this reclassification, the ecosystem service equivalent value per unit area of the Hanjiang River Basin was obtained ( Table 2) . Table 2 was obtained from Xie (Xie et al. 2015a, b) based on relevant data for China in 2010. Considering the spatio-temporal dynamics of ecosystem services, we revised the equivalent factors for 1990-2015 in the provinces of the Hanjiang River Basin based on the 2010 data. The specific steps were as follows.
Modification of equivalent factors
First, the ecosystem service value of the standard equivalent factor was calculated for 2010. The equivalent factors for the 1990-2015 period were then revised based on the ratios of the corresponding yield per unit area of farmland to the yield per unit area of farmland in 2010. Finally, the equivalent factors for Shaanxi, Hubei, and Henan Provinces were revised based on the ratios of the yields per unit area of farmland in these respective provinces to the yield per unit area of farmland in China, with the following formula:
D ia is the equivalent factor of different provinces in different periods, P iag is the grain yield of different provinces in different periods, P ig is the grain yield of all of China in different periods, and D i is the equivalent factor of all of China in different periods.
The revised results are shown in Table 3 .
Model for estimation of ecosystem service values The ecosystem service equivalent values of various land use types per unit area from 1990 to 2015 for Shaanxi Province, Hubei Province, and Henan Province were calculated by combining Tables 2 and 3. On that basis, the land use data of multiple years for the Hanjiang River Basin were taken as the main data source, and the ecosystem service value of the Hanjiang River Basin was estimated using the ecosystem service value estimation model. This model consists of the equations VC i is the service value per unit area for a given land use type (yuan/ha), D i is the equivalent factor per unit area, and L i is the ecosystem service equivalent value per unit area for a given land use type. ESV is the total value of ecosystem services, and S i is the area of a given land use type (ha) in the research area.
Methods for determining trade-offs and synergies
Correlation analysis is a method used to study whether there are certain dependency relationships among phenomena and to explore the dependencies and degrees of correlation among the phenomena. It is a statistical method used to study the relationships between random variables (Brian 2000) . The measure of this correlation is called the correlation coefficient. The correlation relationship has strong and weak directions, and higher values indicate stronger correlations. The formula for calculating the correlation coefficient is
R xy is the correlation coefficient; n is the number of samples; x i and y i are the ith values of x and y, respectively; and x and y are the averages of the variables x and y, respectively.
In this study, we analyzed the relationships among the ecosystem services of the whole basin and of the areas upstream and downstream of the Danjiangkou dam based on the estimated values of the ecosystem services. Negative values indicate that trade-offs exist, i.e., that the provision of one ecosystem service is reduced as a consequence of the increased use of another ecosystem service. Positive values indicate that synergies exist, i.e., that the provision of one ecosystem service is increased as a consequence of the increased use of another ecosystem service.
Results
Changes in ecosystem services in the Hanjing River Basin
Temporal changes
The ecosystem service value of the whole basin was then obtained using the provinces' ecosystem service values (Table 4) :
From 1990 to 2015, the value of ecosystem services in the whole basin increased markedly, from 781.18 billion yuan to 1312.19 billion yuan. The total value of ecosystem services increased by 53.91 billion yuan, or 67.98%, and annually by 2.124 billion yuan. During that 15-year period, the years from 1995 to 2000 witnessed the fastest growth, followed by the years from 2010 to 2015, whereas the years from 1990 to 1995 witnessed the slowest growth.
Forests had the highest ecosystem service value, accounting for approximately 52% of the total ecosystem service value. In 1990 and 2015, the values of forest ecosystem services were 40,989 million yuan and 65,596 billion yuan, respectively, which was an increase of 60.03%. The value of grassland ecosystem services ranked second and accounted for approximately 24% of the total ecosystem service value. In 1990 and 2015, the values of the forest ecosystem services were 20,071 million yuan and 341.55 billion yuan, respectively, an increase of 70.18%. The ecosystem service value of water accounted for approximately 22-24% of the total ecosystem service value. In 1990 and 2015, the values of ecosystem services were 17,534 million yuan and 30,907 billion yuan, respectively, an increase of 76.26%. The ecosystem service value of farmland accounted for approximately 8% of the total ecosystem service value. In 1990 and 2015, the ecosystem service values were 6518 million yuan and 10,745 billion yuan, respectively, an increase of 64.85%. Wetlands, bare lands, and construction lands had low ecosystem service values. In past years, the values of these ecosystem services were less than 150 million yuan. In addition to wetlands, the ecosystem service values of the various land use types increased from 1990 to 2015. Figure 2 shows the changes in values of the four major ecosystem service types in the whole basin from 1990 to 2015, which were obtained by adding the corresponding sub-ecosystem service values in Table 4 . The dominant ecosystem services were regulation services, which accounted for approximately 70% of the total ecosystem service value. The second-ranking value was that of support services, which accounted for approximately 17% of the total ecosystem service value. Supply services accounted for approximately 6% of the total ecosystem service value. The lowest-ranking value was that of cultural services, which accounted for only 3.7% of the total ecosystem service value. Spatial changes Although the values of ecosystem services increased year by year, the dominant role of regulation services in ecosystem services has not changed. Therefore, we analyzed the advantages and disadvantages of ecosystem services using average 
Relationships among ecosystem services in the whole basin
Correlation analyses can be used to help determine the relationships among ecosystem services. In this study, these relationships were depicted graphically based on the estimated ecosystem service values in the whole basin during different periods. Figure 6 shows the correlations among ecosystem services in the whole basin, in the areas upstream and downstream of the dam separately, and in the combined areas The dotted lines denote whether the relationship between the two ecosystem services was significant at levels of P < 0.01 and P < 0.05.
Synergistic relationship is the dominate relationship among ecosystem services in Hanjiang River Basin, accounting for 61%. Synergy mainly exists in regulation services and support service. Trade-offs mainly exist in food production and other types of ecosystem services. The details are as follows: There was a synergistic relationship between food production and raw material production in supply services, and this correlation was positive. However, both food production and raw material production had negative correlations with cultural services and regulation services (in particular, these services showed a significant negative correlation with regulation services, and this correlation coefficient was − 0.837). The former two services increased as the latter two decreased, indicating significant trade-off relationships.
Raw material production and food production presented positive correlations with composite services, showing a synergistic relationship. In contrast, water supply in support services showed a positive correlation with cultural services and regulation services (in particular, water supply showed a significant positive correlation with regulation services, and this correlation coefficient was 0.984). In addition, water supply showed a negative correlation with composite services.
Gas regulation and climate regulation, and environment depuration and hydrological adjustment were significantly correlated. Gas regulation and climate regulation showed a positive correlation with food production and raw material production. In addition, gas regulation and climate regulation showed a negative correlation with water supply. Both had a significant positive correlation with composite services, and this correlation coefficient was 0.93. In contrast, environment depuration and hydrological adjustment had a negative correlation with food production and raw material production. They showed a significant positive correlation with water supply. They had a negative correlation with composite services, and this correlation coefficient was − 0.26. However, these four regulation services had a positive correlation with cultural services and presented a trend in coordinated growth.
Soil conservation had a significant positive correlation with raw material production, gas regulation, and climate regulation. In addition to food production, biodiversity had a positive correlation with other types of ecosystem services. In addition, biodiversity had a significant positive correlation with cultural services.
Cultural services had a negative correlation with food production and raw material production. Both food production and raw material production had positive correlations with regulation services, composite services, and water supply; these correlation coefficients were 0.649, 0.711, and 0.484, respectively.
Spatial differences in the relationships among ecosystem services
Synergistic relationship is the dominate relationship among ecosystem services in both upstream and downstream of the dam, accounting for 66% and 53%. In upstream of the dam, food production showed trade-offs with regulation services, composite services, and cultural services. In addition, water supply and hydrological adjustment also showed trade-offs with composite services and regulation services. In upstream of the dam, food production showed trade-offs with regulation services, composite services, and cultural services. The details are as follows: Among the support services, food production showed trade-offs with raw material production, gas regulation, climate regulation, and soil conservation upstream of the dam. However, these relationships turned into synergies downstream of the dam. In addition, they had significant positive correlations with raw material production and soil conservation. Raw material production showed synergistic relationships with environment depuration, biodiversity, and landscape aesthetics upstream of the dam. These relationships turned into trade-offs downstream of the dam, where there was a significant negative correlation with environment depuration. In general, ecosystem services more often showed synergies upstream than downstream of the dam. In addition, the synergies upstream of the dam mostly corresponded to regulation, composite, and cultural services. Trade-offs were relatively common downstream of the dam, and most of these tradeoffs corresponded to supply services and regulation services.
Relationships upstream and downstream of the dam
Synergistic relationship is the dominate relationship among the ecosystem services upstream and downstream of the dam, accounting for 59%. Food production upstream of the dam shows a significant negative correlation with biodiversity downstream of the dam. Climate regulation upstream of the dam shows a significant positive correlation with climate regulation downstream of the dam. Raw material production, gas regulation, climate regulation, soil conservation, and biodiversity upstream of the dam showed significant positive correlations with gas regulation and climate regulation downstream of the dam.
The increase in ecosystem value upstream of the dam will have a positive impact on gas regulation and climate regulation downstream of the dam. In addition, the increase in upstream food production can cause serious negative effects on biodiversity downstream of the dam.
Discussion
Changes in ecosystem service values and their driving factors
The total ecosystem service value of the whole basin increased year by year, and the largest annual increases occurred in the 1995-2000 period, followed by those in the 2000-2015 period. Forest ecosystem services provided the highest value. Regulation services played the dominant role. The distributions of ecosystem service values upstream of the Danjiangkou dam were higher than those downstream. In 1990-2015, ecosystem service in the upstream of the dam increased from 42.941 billion yuan to 74.881 billion yuan. The increase was 74.36%. Ecosystem service in the upstream of the dam increased from 35.177 billion yuan to 56.339 billion yuan. The increase was 60.04%. In addition to food production and hydrological adjustment, the ecosystem service values upstream of the dam were approximately one to two times greater than those downstream of the dam.
Explanations for these patterns are as follows. First, the annual increase in equivalent factors led to year-by-year increases in the ecosystem service value. Second, human activities led to the changes in land use. These changes finally led to the changes in ecosystem services. In recent years, with economic development throughout the basin, people have paid increased attention to the importance of the local ecology. Therefore, more measures have been undertaken to control environmental pollution. With the implementation of the South to North Water Transfer Project, efforts were made to ensure that water quality policies such as those affecting reforestation, water pollution control, and soil and water conservation planning (Zhou et al. 2015) were vigorously enforced. Implementation of those policies has controlled water pollution, non-point source pollution, agricultural and livestock breeding pollution, and soil erosion throughout the basin, and as a result, the ecosystem service value of the whole basin has increased year by year. Although the project's implementation enhanced certain ecosystem service values in the study area, it changed ecological conditions upstream and downstream of the dam to a certain extent. In particular, after the commencement of the Danjiangkou Dam Raising Project, the increase in surface water area upstream was accompanied by a related increase in ecosystem service value. The ecosystem service values for water supply, environment depuration, and hydrological adjustment are increased by 35.51%, 44.62%, and 45.52%. Research has shown that implementation of the South to North Water Transfer Project and the Danjiangkou dam had a significant negative impacts on the downstream ecological environment, including the water supply, soil texture, and biodiversity (Gao and Gao 2010) , which was also one of the important factors that caused the ecosystem service value in the lower part of the basin to be far less than that upstream of the dam. Third, the condition of the natural ecosystem is closely related to the value of the service function provided by the ecosystem per unit area. There are large areas consisting of forest and grassland upstream of the dam, and these areas account for approximately 48% of the total area. Downstream of the dam, agriculture is the main land use and accounts for 50% of the total area. The total ecosystem service value downstream of the dam was lower than that upstream of the dam, whereas the service value of food production downstream of the dam was slightly higher than that upstream of the dam.
Analysis of trade-offs
There are various types of landforms in the basin, including mountains, plains, and hills. The corresponding ecosystems interact with and restrict one another, forming unique ecological relationships in this region. From the study of trade-offs and synergies among the ecosystem services at different levels in the whole basin, we found that the trade-offs between ecosystems differed in different regions due to the dissimilar demands placed on ecosystem services.
Explanations of trade-offs and synergies in the whole basin
The analysis revealed the trade-offs between food production, raw material production in supply services, and regulation services and cultural services throughout the basin. In addition, this study revealed the synergies between food production and raw material production in supply and composite services. The explanation is that the capacities of regulation and cultural ecosystem services in forest and grassland areas are strong, whereas those of food and raw material production are weak. Agricultural land greatly enhanced the capacity to food and raw material production. However, soil erosion was severe on agricultural lands due to improper farming practices (Li et al. 2003; Yang et al. 2015) . This erosion weakened the effects of regulation on agricultural lands. However, food production showed synergies between gas regulation and climate regulation, as did raw material production and gas and climate regulation. Although the adjustment capacities of these two ecosystem services differed from those of agricultural lands (especially paddy fields), forests, grasslands, and water, the differences were far less than the difference in environment depuration and hydrological adjustment. The land area devoted to agriculture in the basin is large, and 67% of this agricultural land consists of rice paddies. The relationships between water supply and regulation services, composite services, and cultural services were the opposite of the relationship between food production and raw material production. This contrast existed because the service value of the water supply derives primarily from water, whereas agriculture land (especially paddies), with its strong effect on food production, places a high demand on water for irrigation. Therefore, paddy fields, with their high capacities for food production and raw material production, correlate with lower water supplies. Surface water areas, with their strong associations with regulation services and cultural services, are associated with higher water supply capacities.
Among the regulation services, the relationships between composite services and gas regulation and climate regulation were the opposite of those between composite services and environment depuration and hydrological adjustment. This pattern existed because water plays an important role in environment depuration and hydrological adjustment (such as the ecosystem service value per unit area of hydrological adjustment, which reached 12,424 yuan/ha-much larger than the equivalent value of other land use types) but was not prominent in gas regulation and climate regulation. Therefore, water areas and their low capacities for composite services have higher capacities for environment depuration and hydrological adjustment. Agriculture lands and forests with high capacities for composite services have higher capacities for environment depuration and hydrological adjustment. However, these four types of services are synergistic with cultural services. The explanation for this pattern is that forests and water areas with high capacities for regulation services provide large amounts of carbon storage. In addition, they play an important role in climate regulation (Wang et al. 2007 ), which greatly contributed to the increase in biological species and landscape aesthetic values in this region. Composite services are synergistic with cultural services because forests and grasslands with high capacities for soil conservation and biodiversity also have high capacities for landscape aesthetics.
Analysis of trade-offs and synergies among ecosystem services upstream and downstream of the dam
Based on the findings regarding trade-offs and synergies in the whole basin, we found that trade-offs and synergies downstream of the dam were more significant than those upstream of the dam, which was due to the spatial differences between the land uses on either side of the dam. Specifically, forests and grasslands, which are the main land uses upstream of the dam, have high levels of adjustment ability and high aesthetic values. Due to the lesser amount of agricultural land, the ecosystem service value is low. In contrast, the main land use downstream of the dam is agriculture, and the ecosystem service value of the agricultural land is high and accounts for a larger proportion of all ecosystem service values. In addition, the adjustment and cultural services downstream of the dam are not as great as those upstream. Upstream raw material production, gas regulation, climate regulation, soil conservation, and biodiversity have significant synergies with downstream gas regulation and climate regulation. In addition, there are significant trade-offs between upstream food production and downstream biodiversity.
In summary, hydrological adjustment plays a leading role in the whole basin and is of great significance to the sustainable growth of the ecosystem services. The implementation of the South to North Water Transfer Project has solved the problem of water demand in the north and made important contributions to social and economic development. At the same time, the project also adversely affects the ecological environment in the basin (Zhou et al. 2015) . Upstream of the dam, the raising of the dam has substantially increased the value of ecosystem services such as water supply and hydrological adjustment. However, the increase in surface water area caused the decrease in agricultural land area. At the same time, with the rapid economic development, the area upstream of the dam is facing dual pressures of population growth and urbanization. To grow more food, forests and grasslands are inevitably destroyed (David et al. 2016 ). In addition, poor farming practices will also worsen soil erosion upstream of the dam and will thus affect gas regulation, biodiversity, and other ecosystem services (DeFries et al. 2016 ). Changes to upstream ecosystem services such as gas regulation also have a negative impact on biodiversity and climate regulation below the dam, thereby worsening the ecological environment throughout the basin. The water quality below the dam was significantly harmed after the implementation of the Middle Route of the South to North Water Transfer Project (Fan and Liu 2016) . With the decrease in water volume, the area of sand lands will further expand (Zhang and Xie 2014) , causing the vegetated areas in wetlands and along riverbanks to decrease and weaken climate regulation. Hydrological characteristics and environments that are closely related to aquatic organisms, including flow, velocity, water temperature, and sediment concentration, changed after the project was completed (Zeng 2008) . In addition, the raising of the dam further blocked the migration and exchange of aquatic organisms, and food chain biodiversity was also affected , which resulted in the inability of ecological cycles to function properly (Guan et al. 2016a ).
Impact of dam construction on ecosystem services and relationships
The study found that there are differences in different types of ecosystem services between upstream and downstream of the dam. The dam locks the water originally belonging to the river channel in the reservoir area, so the water supply and hydrological adjustment in the downstream of the dam is lower than the upstream due to the decrease of incoming water. The increase in the area of the reservoir area will inevitably flood the surrounding farmland, resulting in the impaction of food supply, gas regulation, and climate regulation of the reservoir area. In addition, considering the water resources security in the reservoir area, the ecological environment protection in the upstream of the dam is better than the downstream of the dam. Different development purposes make the development direction of the social economy different, and different development directions cause the different land use. Therefore, the ecosystem service value in the upstream of the dam is higher than the downstream of the dam, and the synergy in the upstream is more common than the downstream of the dam.
Suggestions regarding protection of ecological systems throughout the basin under the influence of the Danjiangkou dam
To ensure the stability of the ecological system and smooth operation of the Middle Route of the South to North Water Transfer Project and achieve a win-win outcome between the north and south, ecological engineering measures and land management should be vigorously promoted by relevant departments in the whole basin. In addition to directly mitigating soil erosion, agricultural pollution, biodiversity degradation, and other ecological problems, increased attention should be paid to the links among ecosystems. In addition, corresponding ecological problems can be solved indirectly through the links and restrictions among ecosystem services. We found that gas regulation and climate regulation upstream of the dam not only have a synergistic effect on support services and cultural services upstream of the dam but also have significant synergistic effects on gas regulation and climate regulation downstream of the dam. In addition, the enhancement of gas and climate regulation downstream of the dam will drive growth in support and composite services. Forests and grasslands have played a positive role in regulation services. Therefore, it is necessary to ensure the smooth implementation of the policy of returning farmlands to forests to promote the capacities of gas and climate regulation upstream of the dam, which is the foundation of future planning upstream. Meanwhile, projects such as BGrain for Green^and Bdelineation of the farmland protection red line^should be vigorously implemented to ensure food supplies. Advanced pollution prevention technology should be actively introduced to prevent agricultural non-point source pollution and the vicious cycle caused by the effects of soil erosion on the ecological system. We should accelerate the construction of compensation projects such as supporting canalization works in the middle and downstream regions of the dam, the Project of Water Diversion from the Yangtze River to the Hanjiang River, and the Dongjing River Water Supply Project (Liu et al. 2005a, b) . A scientific ecological compensation mechanism should be established to minimize the negative impacts of water diversion. Natural reserves should be constructed to reduce negative effects of landscape fragmentation caused by the dam. Ecosystem connectivity should be strengthened to prevent watershed ecosystem services from being affected by regional water transfer projects (Maes et al. 2012) .
Conclusions
Using the Danjiangkou dam as an example, we studied the trade-offs and synergies upstream and downstream of the dam under the influence of a water diversion project. First, ecosystem service values and their spatial distribution were estimated using the ecosystem service estimation method proposed by Costanza, which is based on land use data . On that basis, ecosystem service values were revised considering the dynamic changes and differences in ecosystem services on temporal and spatial scales. Then, trade-offs and synergies among the ecosystem services in the basin were comprehensively analyzed from three aspects: the whole basin, upstream and downstream of the dam separately, and upstream and downstream of the dam together. The results led to the following conclusions:
1. The ecosystem service value in the whole basin increased significantly from 1990 to 2015. Climate regulation and hydrological adjustment were the dominant services. Among the land uses, forests contributed the greatest ecosystem service value. 2. There are spatial differences between the ecosystem services upstream and downstream of the dam. The ecosystem service values upstream of the dam were higher than those below the dam. Hydrological adjustment and climate regulation were dominant. Ecosystem service values downstream of the dam were relatively low, with the exception of hydrological adjustment. 3. Synergies among ecosystem services in the whole basin accounted for 60% of the relationships and existed mainly between regulating services and composite services and cultural services. Trade-offs existed primarily between supply services and regulation services. 4. There were spatial differences in the relationships among ecosystem services between the regions upstream and downstream of the dam. There were more ecosystem services with synergies upstream of the dam, primarily between regulation services and composite services and cultural services. There were more ecosystem services with trade-offs downstream of the dam, primarily between regulation services and supply services. 5. There were eight groups of ecosystem services with significant relationships between the regions upstream and downstream of the dam. Among them, upstream food production and downstream biodiversity had significant trade-offs. Raw material production, gas regulation, climate regulation, soil conservation, and biodiversity upstream of the dam showed strong synergies with gas regulation and climate regulation downstream of the dam.
